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E NZYMOLOGISTS HAVE BEEN ABLE TO
adapt most of the tools of the physical organic chemist to the analysis of enzyme mechanisms. One of the most important of these, the linear free energy analysis of structure-reactivity correlations, is a powerful probe of transition-state structure. The principal structure-reactivity correlations are (i) those in which the reactant is varied and one obtains a linear free energy relation between the logarithm of the rate constant (log k) and a quantitatively defined structural parameter of the reactants (for example, the Hammett plot) and (ii) those in which the catalyst is systematically varied and the dependence of log k on the electronic nature of the catalyst helps to define the structure of the transition state. The classical example of the latter correlation is the Br0nsted plot, in which log k is plotted against the pKa of the general acid or general base catalyst. The slope of the resulting line is frequently interpreted as a measure of the degree of proton transfer between the reactant and catalyst, or of the amount of charge development, in the transition state.
Considerable experimental difficulties are encountered in attempting to apply linear free energy probes of mechanism to the study of enzyme-catalyzed reactions. The structural variations in the substrate required for Hammett analyses often result in incongruous interactions between the modified substrate and the well-defined active site. Nonetheless, substantial success has been achieved in many cases, particularly with relatively nonspecific enzymes. [See (1) for a review.] It has, however, not been previously possible to generate a Br0nsted plot for a general acid or general base enzyme-catalyzed reaction, because the catalytic acid or base moiety is built into the enzyme structure (2). We report the application of site-directed mutagenesis to overcome this latter limitation and the development of a true Bronsted correlation for an enzyme-catalyzed reaction.
The E-NH2 moiety of Lys258 was postulated to be the base responsible for the proton transfer (3), which is central to the transamination mechanism (Fig. 1) . This proposal receives support from the observation that Escherichia coli K258A [a mutant in which Lys258 has been replaced by Ala (4)] retains less than 10-6 of the wild-type activity with Asp as substrate (5). K258A readily undergoes partial reactions with substrates: the pyridoxal-5'-phosphate (PLP) form combines with amino acids to produce external aldimines (2), whereas the pyridoxamine-5'-phosphate (PMP) form and ot-ketoacids give ketimines (4), but further progress toward transamination is blocked for these intermediates (6). The x-ray crystal structure of K258A shows that the changes differentiating the mutant from wild-type enzyme are small and confined to the region immediately surrounding the site of the mutation (7). The mutant enzyme with Arg258 also lacks transaminase activity (8) .
None of the other natural amino acids have functional groups similar to that of Lys. Thus the catalytic base in aspartate aminotransferase reactions cannot be systematically varied by site-directed mutagenesis. Given the 80 A3 difference in volume between Lys and Ala (9), the proposition that exogenous amines could partially replace the function of the Lys258 E-NH2 group was entertained. This proved to be the case. Shown in Fig. 2 is the dependence of the rate constant for the transamination of the external aldimine (2), formed from the PLP form of K258A and L-cysteine Lys255 is changed to Ala. The observed first-order rate constant, kobs-is linearly dependent on the concentration of 2-fluoroethylamine at these concentrations. The pH dependence of the reaction (Fig. 2) The primary amines listed in Table 1 
The total variation in the rate constants due to molecular volume is ten times that due to basicity for the set of amines investigated. Although the literature database for comparison is not extensive, the recent work of Estell et al. (I1) on the binding of sub-
strates to subtilisin mutants shows similar magnitudes for deleterious volume effects. Such large steric effects may indicate that, for reaction to occur, the added amine catalysts must be accommodated within the cavity created by the mutation from Lys258 to Ala, but attack from the solvent face of the aldimine (that is, from outside the cavity) is also possible.
A plot of log kB -(V X molecular volume) versus pKa is shown in Fig. 4 . The volume correction reduces the plot of the data from three dimensions (Eq. 2) to two and permits presentation as a traditional Br0nsted plot, graphically demonstrating the linear relation between log kB and pKa.
The value of kcat for the transamination of L-cysteine sulfinate catalyzed by wild-type enzyme is 320 sol at pH 7 (5). The E-NH2 group of Lys258 thus has an effective molarity equivalent to 250M free base of ethylamine (320 s-'/1.3M-1 so'; see Table 1 ), which has the same pKa as free Lys and replaces most of the volume lost by substitution with Ala. The pKa of ethylamine is 10.6; therefore, a total ethylamine concentration of 106M (103 6>x 250M) would be necessary to obtain this effective concentration of free base atpH 7. By maintaining the 17 MARCH 1989 general base at the active site through covalent incorporation into the protein structure (that is, wild-type enzyme), high enzymatic efficiency is achieved.
The mechanistic interpretation of the 13 value of 0.4 is that the transition state has 40% of a full positive charge on the protonaccepting amine nitrogen, if we assume that the rate-determining step is Co. proton abstraction (Fig. 1) . General base catalysis is kinetically indistinguishable from specific base-general acid catalysis (12) , that is,
A mechanism involving specific base-general acid catalysis of transamination is one in which OH-abstracts the CaC proton from the amino acid to form the quinonoid (3) at equilibrium with the external aldimine (2). The rate-determining step in this mecha- In initial experiments, 131-28 was added to the medium in which embryonic rat hippocampal cells were plated and grown for 2 days. In these low-density cultures, the numbers of surviving cells was quantitated on day 2 as a percentage of the number of live cells counted 1 hour after plating. Cultures were treated with 13-28 (0, 10, and 100 pg/ml) in four separate preparations and triplicate wells were used for each concentration (Fig. 1) . In the absence of ,-amyloid peptide, neuronal survival at the end of 2 days was only 36% (35.6 ? 6.4). When 13-28 was included in the medium at 10 and 100 pg/ml, these values increased to 60% and 90%, respectively (60.2 ? 9.6, 90.1 ? 12.2: P -0.0016, n 12 ? SEM).
To assess the time course of this survival effect we prepared cultures and determined cell survival after 1, 3, 5, or 9 days (Fig. 2) . 
